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The Steady-State kinetics of biliverdin reductase can be studied in detail at pH 9 as under these conditions 
the for biliverdin is high enough to obtain reliable measurements of the initial rate in the absence of any 
biliverdin binding proteins. The initial rate kinetics and the product-inhibition studies are consistent nith an 
ordered sequential mechanism provided the biliverdin concentration was below 20 ^M. Above this con- 
centration significant flux occurs through a substrate inhibition pathway involving an enzyme-NAD(P)- bi- 
liverdin comi^ex. Chloride is shown to cause a significant activation of the enzyme under certain conditions 
and this is shown to result from an inability of biliverdin to bind to an enzyme-NAD-chloride complex. 



Introduction 

Biliverdin reductase is an NAD(P)-linked 
monomeric oxidoreduciase which catalyses the re- 
duction of biliverdin to produce the bile pigment, 
bilirubin. The enzyme is believed to have a func- 
tion clearing biUverdin from the foetus [1] and 
recently the product bilirubin has been suggested 
lo play a role as an antioxidant [2,3]. In most 
species the enzyme exists as a monomer of 
34000 [4-6]; however, the guinea pig and hamster 
enzymes have values that are approximately 
twice this value [7,8]. Biliverdin reductase is sub- 
ject to potent substrate inhibition by biliverdin 
[9,6) although this effect is probably modulated in 
vivo by intracellular binding proteins [10]. There 
has been no detailed study of the reaction mecha- 
nism of biliverdin reductase, although it has been 
suggested that the enzyme obeys an ordered mech- 
anism [7,6]. These studies were conducted in the 
presence of serum albumin which complicates the 
analysis by binding the substrate biliverdin [6] and 
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also appears to have direct effects on the enzyme 
activity [11]. While it is highly desirable to analyse 
the reaction mechanism for biliverdin reductase in 
the absence of serum albumin this is not possible 
at a physiological pH, due to the insolubility of 
the product bilirubin and the low for biliver- 
din. This last aspect is exacerbated using NADPH 
as the cofactor [7,11]. We have recently shown 
that biliverdin binding, both productively and 
non*productivcly, is less tight at alkaline pH val- 
ues (Rigney and Mantle, unpublished data) and 
have utilised this observation to study the steady- 
state mechanism at pH 9. Details of this work are 
presented in the present report. 

Materials and Methods 

Materials 

Biliverdin was synthesised by the method of 
McDonagh [12]. Biliverdin reductase was purified 
as described previously [8]. 

Methods 

. Enzyme assays. Biliverdin reductase activity was 
measured by following the production of biUrubin 
spectrophotometrically by monitoring the increase 
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in absorbance at 460 nm. The buffers used were: 
0.1 M Tris-HCl/0.1 M sodium phosphate, and 
0.02 M sodium pyrophosphate/0.2 M sodium 
phosphate at the pH values indicated. In the 
steady-state study the buffer used was 0.02 M 
sodium pyrphosphate/0.2 M sodium phosphate 
(pH 9). The absorption coefficient for biUrubin in 
this buffer at 460 nm is 54.7 nM"\- cm"^ and for 
bihverdin the value is 4.08 mM"^ • cm"^ (Rigney, 
unpubhshed data). All assays were conducted in 
triplicate at 30° C. 

Treatment of data. All initial rate data were 
fitted to a rectangular hyperbola by the method of 
Wilkinson [13]. Slope and intercept replots were 
fitted by linear regression. 

Results 

Effect of pH 

Biliverdin reductase was stable for at least 25 
min in all of the buffer systems described in this 
work/The effect of pH on the NADPH- and 
NADH-dependent activities of bihverdin re- 
ductase are shown in Fig. 1. A pH optimum of 8.5 
was found with NADPH when all three buffer 
systems described in the legend to Fig. 1 were 
used. The optimum pH observed when NADH 
was the cefaclor was found to depend on the 
buffer system used. In sodium phosphate buffer 
the pH optimum is at 7 whereas in Tris-HCl the 
optimum shifts to a lower value. A similar phe- 
nomenon was observed with sodium pyrophos- 
phate/ sodium phosphate buffer in which case the 
pH optimum was 6. The effect of pH on the 
initial-rate kinetics with biliverdin as the variable 
substrate is shown in Fig. 2. This shows that the 
substrate inhibition is far more potent at acid and 
neutral pH values than at alkaUne pH values. In 
addition the apparent A:^ values for biliverdin 
are considerably higher at alkaline values than at 
acid or neutral values. At pH 9 it is therefore 
feasible^ to examine the steady-stale kinetics of 
bihverdin reductase in the absence of serum al- 
bumin. 

The initial rate kinetics of biliverdin reductase 

A hnear relationship was demonstrated be- 
tween enzyme concentration and initial rate over 
the range 0.3-3.9 /ig per assay. All kinetic experi- 
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Fig. 1. The pH dependence of biliverdin reductase. Biliverdin 
reductase (1.95 >ig) was assayed at 30 °C in 0.1 M Tris-HCI 
(•); 0.1 M sodium phosphate (□) and 0.02 M sodium pyro- 
phosphaic/0.2 M sodium phosphate (O) containing: (a) Bi- 
liverdin (2.5 jiiM) and NADPH (100 /iM). (b) BiUvcrdin (2.5 
mM) and NADH (700 mM). 

ments were conducted within this range. Initial 
rate measurements when the biliverdin concentra* 
tion was held constant and the NADPH con- 
centration varied (5-150 /xM) yielded linear dou- 
ble-reciprocal plots (Fig. 3). When bihverdin was 
the variable substrate (0.5-10 jiiM) at fixed levels 
of NADPH, linear double-reciprocal plots were 
obtained (Fig. 3). The slopes and intercepts from 
each plot were replotted against the reciprocal of 
the fixed substrate concentration and the kinetic 
constants calculated by the method of Florini and 
VestUng [14]. These are shown in Table I for the 
cases when the data set were analysed with bi- 
liverdin as the variable substrate and NADPH 
was held constant at various fixed levels, and 
when NADPH was varied and the concentration 
of bihverdin was held constant at different fixed 
levek. 
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Product irthibiiion studies 

The primary data for all of these experiments 
are not shown; however, all the inhibition con- 
stants can be found in Table II, When inhibition 
by bilirubin was investigated with biliverdin as the 
variable substrate at nonsaturating (10 /iM) and 
saturating (100 jxM) concentrations of NADPH, 
mixed inhibition was observed. When the slope 
and intercept values of the double- reciprocal plots 
were replotted against the concentration of bi- 
lirubin, a linear relationship was obtained and the 
resultant inhibitor constants K-^^ (from the inter- 
cept replot) and K^^ (from the slope replol) are 
shown in Table II. Bilirubin also exhibited mixed 
inhibition when the variable substrate was 
NADPH and the bilirubin concentration was held 
constant at a nonsaturating level (1 fiM) or at 10 
/iM. Unfortunately, it was not possible to saturate 
the enzyme with biliverdin, as the mechanism 
becomes complicated by flux through an EBQ 
complex where B and Q denote biliverdin and 
NADP, respectively (see below). The 'saturating' 
concentration of biliverdin (10 /iM) was as close 
to saturation as possible without demonstrating 
substrate inhibition. When the slope and intercept 
values were replotted against bilirubin concenlra- 




Fig. 3. The initial rate kinetics of biliverdin reductase, (a) The conceniraiions of biliverdin were 0.75 /iM (D), 1 /iM (a), 2.5 /iM (a), 5 
>M (•) and 10 /iM (o). (b) The concentrations of NADPH were 8 ^xM (O), 12' (a), 25 /aM <a), 50 (•) and 100 fiM (O). All 
assays were performed in 0.02 M sodium pyrophosphate/0.2 M sodium phosphate {pH 9) with 0.65 of biliverdin reductase at 
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Fig. 2. The effect of pH on biliverdin reductase kinetics. 
Biliverdin reductase (1 /ig) was assayed at 30** C in a mixture 
containing NADPH (100 /iM) and biliverdin at the concentra- 
tions indicated with 0.02 sodium pyrophosphate/0-2 M sodium 
phosphate: pH 5.6, m, pH 7.5; o, pH 9; and pH 9-5. 
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TABLE I 

KINETIC CONSTANTS FOR BILIVERDIN REDUCTASE 
AT pH9 



[NADPH] 
constant 



[Biliverdin] 
constant 



V (/imol/min per mg) 



12.23 ±3.93 
6.91 ±1.53 
9-47 + 2.12 
L31+0.27 



11.49+ 5.55 
5.27 ± 1.72 

26.43 ±12.12 
1.49+ 0,47 



tion, a linear relationship was obtained and the 
resultant K-^ and K-^ values are shown in Table 
11, 

NADP showed competitive kinetics with 
NADPH as the variable substrate at nonsaturat- 
ing (1 fiM) and 'saturating' (10 /iM) concentra- 
tions of biliverdin (the K-^ values are shown in 
Table II). With bihverdin as the variable sub- 
strate, NADP showed mixed inhibition at non- 
saturating concentrations of NADPH (10 ^xM), 
and when the experiment was repeated using 
saturating concentrations of NADPH (100 /xM) 
the inhibition became uncompetitive. The values 
for the inhibition constants ^^ii and K^^ for both 
NADP and bihnibin at subsaturating and 
•saturating* concentrations of the fixed substrate 
were calculated from replots of slopes and inter- 
cepts against the concentration of the inhibitory 
product and are listed in Table H. 
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Fig. 4. Substrate inhibition by biliverdin, Dixon plot with 
NADPH concentraaons of 10 /iM (•). 25 /tM (a) and 50 
(■). 

Substrate inhibition by biliverdin 

The substrate inhibition by biliverdin at pH 9 
was further investigated by varying the concentra- 
tion of NADPH (10-50 /iM) and bihverdin (25-75 
/iM). A Dixon plot of the reciprocal velocity 
against biliverdin concentration was linear (Fig. 
4). The Unes at the various concentrations of 
NADPH were parallel, demonstrating that the 
substrate inhibition was uncompetitive. The in- 
hibition constant for biliverdin is 48 mM. 

Effect of chloride on initial rates 

Chloride has a pronounced 'activating' effect 
on bihverdin reductase activity when NADH is 
the cofactor; however, no such effect was ob- 
served with NADPH at pH 7.2 in the presence of 



TABLE II 

INHIBITION CONSTANTS FOR BILIVERDIN REDUCTASE 



Inhibitor Variable Fixed J^ii 

Substrate Substrate (/aM) (/aM) 

Cone. (/iM) 



Bilirubin 


NADPH 


1 


6.83± 2-7 


4.93 ±2.63 




10 


5.2 ± 1.35 


2.6 ±0.36 


Bilirubin 


biliverdin 


10 


3.91 ± 0.84 


6-24 ±1-69 






100 


1.63 ± 0.85 


11.17 ±2.78 


NADP* 


NADPH 


1 


84.7 ± 10.74 








10 


24.3 ± 0.70 




NADP^ 


biliverdin 


10 


690.0 ±630.0 


11.96±5.53 






100 




90.0 ±8.8 
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Fig. 5. Effect of chloride on initial rates. Bilivcrdin reductase 
(0.35 Jig) was assayed in a reaction mixture (2 ml) containing 
20 /iM bilivcrdin, 700 fiM NADH, 30 ;iM bovine serum 
albumin in 0.1 M sodium phosphate (pH 7.2) in the presence 
of the indicated concentrations of NaCl (•) and KCI ( O). The 
enzyme was also assayed in a mixture containing 2.5 /iM 
biJivardin, 100 ft M NADPH in 0.1 M sodium phosphate (pH 
8.5) in the presence of the indicated concentrations of NaCl 
(■) and KCI (D). 



bovine serum albumin (Fig. 5), The activation was 
further investigated by examining the effect of 0.5 
M KCI on the initial rate kinetics with biliverdin 
or NADH as the variable substrate. It can be seen 
(Fig. 6) that the primary effect of chloride is to 
abolish the substrate inhibition observed with bi- 
liverdin. This effect is mirrored in the NADH 
kinetics where chloride has little effect on the 
slope value but increases the apparent turnover 
number from 1.7 s~' to 5.6 s~^ 

Discussion 

The initial rate studies indicate that the mecha- 
nism obeyed by biliverdin reductase is sequential, 
as linear intersecting lines were obtained when 
either substrate was varied at different fixed levels 
of the other substrate. The mechanism was further 
investigated by determining the product inhibition 
patterns [15]. Briefly, since bilirubin is a mixed 
inhibitor when biliverdin is the variable substrate, 
Theorell-Chance and rapid-equilibrium random 
mechanisms are ruled out. A random steady-state 



mechanism is unlikely as hnear product inhibition 
replots were obtained [15]. These results, taken 
with our observation that pyridine nucleotides bind 
to the free enzyme [17], suggest that at pH 9 in the 
absence of any 'binding protein' the reaction 
mechanism is ordered. We have been unable to 
obtain any evidence that biliverdin binds to the 
free enzyme by analysing difference spectra, by 
conducting sucrose-density sedimentation experi- 
ments in the presence of biliverdin, or by utilising 
the fact that biliverdin binding to proteins is often 
accompanied by a distinct spectral change in the 
presence of a mercaptan (8]. Two minor points 
concerning the experimental product inhibition 
patterns and the theoretical patterns for an ordered 
bi-bi mechanism are worth noting. Firstly, it was 
not possible to observe the predicted uncompeti- 
tive inhibition by bilirubin against NADPH at 
saturating concentrations of biliverdin as it was 
not experimentally feasible to saturate with bi- 
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Fig. 6- -Effect of chloride on initial rates. Initial rates were 
measured at pH 7.2 in the absence (O) or presence (•) of 0.5 
M K.CU Other conditions are described in the legend to Fig. S. 
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Hverdin without introducing the compHcation of 
substrate inhibition. Secondly, although no inhibi- 
tion by NADP against biliverdin is predicted at 
saturating levels of NADPH, significant, albeit 
reduced, inhibition was observed under these con- 
ditions. Cleland [16] has pointed out that in prac- 
tice one can rarely achieve a high enough con- 
centration of A (NADPH) to negate the effect of 
Q (NADP) binding. Since NADPH has been 
shown to bind to biliverdin reductase in the ab- 
sence of biliverdin [17] it appears that, as with 
other pyridine-nucleotide linked oxidoreductases, 
the coenzyme binds before the second substrate 
[18] in an ordered bi-bi mechanism with bilirubin 
being the first product to dissociate. 

Substrate inhibition studies show that biliver- 
din inhibited the enzyme uncompetitively at fixed 
concentrations of NADPH, indicating that bi- 
liverdin binds to the enzyme-NADP complex. It 
should be noted that the substrate inhibition con- 
stant increases from approx. 2.5 at pH 7.5 to 
50 at pH 9. It is tempting to ascribe this to 
deprotonation of a basic residue involved in bind- 
ing one of the biliverdin propionate side-chains. 
O'Carra and Colleran [9] have described a reduc- 
tion in biliverdin reductase activity on esterifying 
one of the propionate side-chains, although they 
did not report whether this had an effect on 
binding. Both results would be compatible with a 
model where a single salt bridge involving one of 
the propionate side-chains and a basic residue on 
the enzyme is less favourable than binding involv- 
ing two such salt bridges. A similar model will 
also explain the increase in the apparent for 
biliverdin as the pH is increased. Dixon plots at 
high concentrations of biliverdin at pH 9 deviate 
from linearity to give a limiting reciprocal initial 
rate (Rigney and Mantle, unpublished data), indi- 
cating partial substrate inhibition. It is evident 
that the enzyme-NADP-biliverdin complex can 
break down, presumably via an enzyme-biliverdin 



complex, to regenerate free enzyme. A similar 
conclusion has been reached at pH 7.2 in the 
presence of bovine serum albumin [6]. 
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